Lactic acid bacteria (LAB) have an essential role in the production
These bacteriocins are ribosome-synthesized polypeptides that have bactericidal activity and are rapidly digested by proteinases from the human digestive tract (19) . They are often compared with antibiotics because of their expressed antibacterial properties (18, 20) . However, in contrast to therapeutic antibiotics, their application as a rule does not imply the possibility of undesired allergic reactions occurring in humans (15) . As the discovery of penicillin by Alexander Fleming in the year 1929 has direct importance for the human race, so the discovery of bacteriocins, in an indirect sense, is important in terms of natural health care and food safety. The comparative view of the synthesis, activity, antimicrobial spectrum, toxicity and resistance of antibiotics and "natural antibiotic substances"-bacteriocins, are presented in Table 3 . The findings regarding the production of bacteriocins represent an important moment in the biological protection of food, considering that their application allows bactericidal and bacteriostatic effect towards certain harmful microorganisms, which belong to the same ecological niches or use the same energy source. This protective role of bacteriocins is supported by the fact that most of them are closely related to the host, i.e. to the producer cell, and that they are much more efficient against the bacteria with which they compete for the same deficitary nutrients.
Although bacteriocins are produced by many Gram-positive and Gram-negative bacteria, those produced by the LAB are the most interesting ones for the food industry. Besides, most of the LAB that produce bacteriocins are natural isolates, which makes them ideal for use in the food industry. Consumers today make very specific demands of the food industry. First of all, there is the need to consume products that have not been through extensive preservation processes and that do not contain too many chemical preservatives. That is why the possibility of using bacteriocins as natural food protectors is considered to be very important.
Bacteriocins are peptide or protein molecules synthesized on ribosomes of the producing bacteria that show antimicrobial properties; especially on Gram-positive microorganisms (21) , where the producing cells retain immunity towards its own bacteriocins (12 (Table 4) . Table 4 . Classification of bacteriocins (22) The production of bacteriocins represents the cell's natural advantage, considering that the synthesized peptides/proteins can destroy or inhibit the growth of the other bacteria that compete for the same ecological niches or the same nutrients. This role is supported by the fact that many bacteriocins have a strict relationship with the host cell and that they are much more efficient against the bacteria that compete for the same deficitary nutrients. The statement that "bacteriocins can be considered as a rudimentary form of the food's natural immunity" (21) is quite interesting. The antibacterial spectrum of action often includes spoilage microorganisms and pathogenic bacteria from food, like Listeria monocytogenes and Staphylococcus aureus. The activity against Gram-negative bacteria, like Escherichia coli and Salmonella is also noted, usually if the integrity of their outer membrane is breached (osmotic shock, treating the cell with low pH or high pressure, presence of detergents or cleaners, passage of cells through pulsating electric field) (23, 24) .
Therefore, the production of bacteriocins by the LAB is an advantage not only for the bacteria, but it can also be used in the food industry as a means to control unwanted microorganisms in food in a natural way, which is in the end, the basic demand of the consumers (25, 2) .
Today, the most studied, and at the same time, most used bacteriocin is nisin, isolated from Lactococcus lactis spp. lactis. It belongs to the class I of bacteriocins (lantibiotics) and is composed of 34 amino acid peptides (26) . It was discovered back in 1928 when it was found that a certain matter synthesized from Streptococus lactis (today known as Lc. lactis spp. lactis) inhibits the growth of Lactobacillus bulgaricus (27, 28) . Not long after, researchers in food-related fields realized that nisin presents great potential in the food safety. It first appeared on the market in England in 1953, and its intensive application started in 1957, in the production of cheese (29) . It was found that nisin possesses a aureus, the bacteria of the Mycobacterium genus), but that it also inhibits the creation of spores in some bacteria (Bacillus and Clostridium) (18) . The mechanism of the inhibitory action of nisin on the spore-creating process is not completely explained, but it is believed that it is a result of the action towards the sulfhydride groups of protein molecules (30) . The character of the activity shown was more sporostatic than sporocidal. Today, nisin is used in 48 countries across the globe, as it was registered back in 1948 as an approved food additive (E-234) by the Joint Food and Agriculture Organization/World Health Organization (FAO/WHO), Expert Committee on Food Additives (31). It is, at least for now, the only bacteriocin with the GRAS status (Generally Regarded As Safe), and the only one that can be freely used as an additive in the food production. It is predominantly used in the production of preserved foods and dairy products. It is particularly efficient in cheese and cheese spread production as a natural antimicrobial factor against thermo-resistant sporogenous bacteria. Nisin is particularly important in the prevention of Clostridium botulinum that can lead to drastic health risks due to toxin production.
There are also several other isolated bacteriocins that have been adapted for comerrcial use and described in the scientific literature, such as pediocin PA-1/AcH, lacticin 3147, lacticin 481, enterocin AS-48, variocin, etc. The aforementioned preliminary studies on the activity of bacteriocins in vitro or in food systems, have been conducted using partially purified bacteriocin preparations obtained from liquid suspensions of bacterial cultures. During the experiments, the researchers often increase the concentration of additional bacteriocins, which greatly limits the objective interpretation of the results, and therefore also the objectivity of the preliminary tests.
Bacteriocins can be added to food as additives, in which case their synthesis has already been performed ex situ, or in the form of "concentrates" of bacteriocin-producing strains cultivated in adequate and favorable substrates (the synthesis of bacteriocins is done in situ), or, again, by adding a product that has previously been fermented by a bacteriocin-producing strain (32) . The in situ production of bacteriocins has shown several advantages compared to ex situ production, seen both from a legal and commercial point of view.
The bacteriocins produced ex situ can be applied in the form of immobilized preparations, where a partially purified bacteriocin is bound to a carrier. The carrier acts as a fuel tank and as a diffuser of concentrated bacteriocin molecules, and as such, it provides their continuous supplementation into the food. The carrier also protects the bacteriocin from the negative effects of certain food components and from potential enzyme inactivation. A great number of methods for bacteriocin immobilization have been proposed, including the absorption on the producing cells (33) , on the particles of silicon dioxide, on corn starch powder (34), liposomal encapsulation (35), or by building them into gels and films from different materials, such as calcium alginate, gelatin, cellulose, soy protein, corn starch, collagen, cellophane, nylon and other plastic polymer films (36) .
In most cases, the immobilized bacteriocins have an important function in terms of the reduction of post-process food contamination, especially in superficial multiplication of undesired bacteria. Antimicrobial packages, such as polyethylene film sheets, which contain bacteriocin isolated from Lb. curvatus (32Y), reduce the number of live cells of L. monocytogenes during storage of packaged pork chops, raw beef and hotdogs (37) . Similarly, the cellophane wrap with incorporated nisin reduces the total number of live aerobic cells in beef during storage at 8°C (38) , and the number of Micrococcus luteus ATCC 10240 cells in raw and pasteurized milk during storage (39) .
Reducing the costs of bio-preservation is particularly important for developing countries where, very often, food safety is extremely compromised (40) . Therefore, a lot of research today is focused on the selection and development of bacteriocin-producing cultures for application in the food industry (2, 41) . The appropriate application of LAB must be based on the careful selection of well-adapted strains that can grow uninhibited in certain kinds of food, their application in those foods must be approved, i.e. it must not compromise or change its nature, they must be able to grow during processing and during food storage, and they must possess the ability to produce enough bacteriocins to completely inhibit pathogenic or spoilage microorganisms. The qualities of the strain and the quantities of the bacteriocins produced can be improved through the heterologous expression of bacteriocin genes (42) and the exact moment of production of bacteriocins can also be altered by using certain inducible factors during the production (43) .
In the Serbian meat industry, research was performed in order to eventually introduce the application of semi-purified bacteriocins isolated from Leuconostoc mesenteroides E 131 (44, 45) , Ln. mesenteroides IMAU:10231 (46) (47) (48) . Since technological application of the bacteria of the Leuconostoc strain in the meat industry is limited due to their physiological properties (they produce mucus, i.e. exopolysaccharides, acetoin, diacetate, ethanol, etc), which are not acceptable in this industry from the point of view of quality, the direct application of their isolated and purified bacteriocins was a good solution. Unlike them, the bacteriocin-producing strains of Lb. sakei can be added to the meat filling in the form of liquid culture suspensions (49) . In addition to protective cultures, the authors have inoculated into the filling for national fermented sausages (Croatian, Bosnian, Serbian, Greek, Hungarian) the pathogenic L. monocytogenes as well (50) . During the ripening process, which lasted 28 days, the reduction of this pathogen was observed. The investigation showed a slight antilisterial advantage of Lb. sakei I 151, compared to other two strains that were applied.
ENVIRONMENTAL FACTORS AND BACTERIOCIN EFFICIENCY IN FOOD SYSTEMS
Food represents a complex ecosystem whose microbiological profile is affected by the type of food, the type of thermal treatment applied during the processing, the type of processing, storage conditions, and others. Because of this, the differences in the microbiological population can be quite large, depending on whether the food is commercially sterile, raw or fermented (51) .
On the other hand, the efficiency of bacteriocins added to the food, in addition to the characteristics that come from their own structure and nature, also depends on various external environment factors. In most cases, the action of these factors is limiting and inhibitory in terms of the intensity of the antimicrobial effect and it is based on the quality of the food itself, on the existence of interactions between bacteriocins and the food components, potential processes of precipitation, inactivation or unbalanced diffusion of bacte- (Table 5) . In other words, the properties of the food system, for example, its structure, its buffer capacity, composition (nutrients, additives, antibiotics), processing conditions (freezing, cooling, exposure to high pressure and temperature, homogenization, etc), pH and others, indirectly damage the producing cell or lead to reduced bacteriocin synthesis (1) . The quantity and the type of microorganisms or potential contaminants present in the food have a direct effect on the activity of the added bacteriocins. At the same time, it takes more bacteriocins to inactivate more microorganism cells, and vice versa. In addition, microbiological interactions can have a great impact on the microbiological balance and/or multiplication of useful or harmful bacterial strains. 
CONCLUSIONS AND FUTURE CONSIDERATIONS
Civilization has been using the benefits of bacteriocins for thousands of years now. However, the only bacteriocin that has found its use today in the food industry as a food preservative and that has an official, legal approval in countries around the world is nisin. After realizing that there are other efficient bacteriocins besides nisin that can be used successfully in different types of foods, one can only wonder why their application in the modern food industry, as of today, is lacking. The primary reasons for this may include difficulties related to different national legislatures and the presence of financial problems in the field of development, formulation and the placement of the commercial preparations of new bacteriocins on the global food market. In other words, those difficulties refer primarily to the implementation of bacteriocins on the market, while the scientific proofs of justifiability and benefits of their application are well procured. The efficiency of bacteriocins that has been shown, as well as the economic and not overly demanding way of incorporating them into food products, represents a great alternative in combination with other natural preservatives. If the aforementioned problems are disregarded, we are left with a wide spectrum of significant reasons for their application in the food industry. On the other hand, it would be too naive to believe that bacteriocins can represent the only and final solution for the current problems in the field of food safety.
Summarizing the previous experience in this field, it can be concluded that in the future it is necessary to attract more consumer interest and to intensify the promotion of the application of these natural substances as a part of the preventive measures against diseases caused by food contamination. The application of bacteriocins and bacteriocin-producing microorganisms can be interesting and very desirable, considering that the trust of the consumers in chemical preservatives is very shaken and even called into question. The composition of food, i.e. its properties (pH, temperature, ingredients and additives, types and quantities of epiphytic microbiota) and the actual technological process used in production, can all influence the stability and activity of the added bacteriocins. Future research in this field should aim to clarify this unknown aspect of their application as well. That way, the necessary knowledge in the field of the optimization of external conditions will be provided, which will, in turn, lead to the maximum antimicrobial effect of the bacteriocins being added into food systems, but it will also open up the possibility of discovering their new producers.
